INTRODUCTION
This study focuses on succession in an unlogged cold-temperate forest in the Boundary Waters Canoe Area Wilderness (BWCAW) of northeastern Minnesota. Forests in the study area comprise a complex mixture of boreal and near-boreal species. This mixture includes species with several adaptations to fire: rootsprouting ability and abundant seeds with good longdistance dispersal (quaking aspen, Populus tremuloides and paper birch, Betula papyrifera); serotinous cones stored high in the canopy (jack pine, Pinus banksiana and black spruce, Picea mariana); or thick bark that allows individuals to survive fires and reseed the area later (red pine, Pinus resinosa). In the past, natural fire regimes have given the advantage to these species so that they were dominant over large portions of the BWCAW. Advance regeneration by understory-tolerant species such as balsam fir (Abies balsamea), white cedar (Thuja occidentalis), and white spruce (Picea glauca) was sparse and these species were commonly removed by fire before becoming very abundant in most stands (Carleton and Maycock 1978, Johnson 1992) .
Historically, the rotation period for catastrophic fires in the BWCAW had been -50-100 years (Heinselman 1973) , less than the potential life-span of the tree species, so that fire-adapted species listed above dominated at all stages of stand development. Since 1910, the rotation period has lengthened considerably, and is now substantially longer than maximum tree life-spans (Heinselman 1973) . The cause of reduction in fire frequency is not certain at this time, but several possibilities exist. These include fire suppression (Heinselman 1973), a climate less conducive to fire in recent years (Johnson 1992) , and land use changes around the BWCAW that no longer allow fires to start outside the BWCAW and burn into it from the south or west (a common pattern prior to settlement).
Under the reduced fire frequency of recent years, successional patterns are relatively unknown. Post-fire stands of aspen/birch or red/jack pine are replaced by a mixture of species, including shade-tolerant and shade-intolerant species. Previous studies have predicted that fir-spruce-birch can form a self-maintaining community (Buell and Niering 1957) , or that spruce and birch can form a mosaic of small patches that undergo reciprocal replacement due to the feedbacks of each species on soil nutrients (Pastor et al. 1987 ). Another alternative was suggested by Grigal and Ohmann (1975) , who found that upland white cedar forests in the BWCAW were not edaphically determined, but rather occupied areas that had not burned for longer time periods than any other forest type. They produced a canonical ordination showing that white cedar may be the ultimate climax species in the BWCAW. However, Heinselman (1973 Heinselman ( , 1981 observed that some stands that by chance escaped disturbance for 350 years have still not succeeded from pines or black spruce to white cedar and balsam fir, and questioned the validity of the classical succession concept in boreal forests.
Predicting the direction of succession in forests has been a major focus of ecological research (e.g., Gleason 1927 Watt (1947) , this has been one of the major models employed by ecologists. An example is aspen invading an area after intense fire, followed by red maple and other species of intermediate shade tolerance, and finally by shade-tolerant northern hardwoods and hemlock, which then persist until another fire resets the cycle to aspen (Lorimer 1977 , Whitney 1986 , Frelich 1992 .
2) Convergent model. This is the classic model of Clements (1936) , in which vegetation in two or more states (A and B) both converge over time to state C. An example would be two postfire stands dominated by early-or mid-successional species such as aspen and white pine (Pinus strobus), respectively, which both succeed to shade-tolerant northern hardwoods. Convergence and divergence may both occur during the same successional sequence, but at different times (Christensen and Peet 1984) .
3) Divergent model. One community (state A) diverges into two or more states (B, C, etc.), over time. The divergence involves feedback switches that magnify initial minor differences, and, once the differences are large, allow their perpetuation (Wilson and Agnew 1992). Davis et al. (1994) describe a Pinus strobusAcer rubrum-Quercus rubra forest that succeeded over a 1000-year period into mono-dominant patches of either Acer saccharum or Tsuga canadensis, after the forest was invaded in a patchy manner by Tsuga. The Tsuga invasion led to a change in fuel type that reduced fire frequency, allowing A. saccharum to dominate areas between the Tsuga patches. The A. saccharum and Tsuga in turn each produce a forest floor environment unfavorable to establishment of other species, so that the patches are maintained. 4) Parallel model. Communities of states A and B each undergo disturbance, and each returns to the same state shortly after the disturbance. Parallel succession is common in much of the boreal forest, since species like jack pine or black spruce can be the overwhelming dominant over large areas. When stand-killing fires occur in such areas, the species in the prefire stand are the only seed source, so that the postfire stand still maintains the same overstory composition (Dix and Swan 1971 , Heinselman 1981 a, b, Johnson 1992 ). Fires will burn much of the forest floor moss cover, and there will be successional changes in ground flora species composition (Heinselman 1981b ), but not necessarily the dominant tree species of interest here. 5) Individualistic model. Also called multiple pathways (Cattelino et al. 1979) , individualistic succession occurs when stochastic variables (such as timing of seed years of dominant trees, droughts, and disturbances) interact to produce multiple pathways of succession at different times at the same location. This model emphasizes continuous change and there is not a stable endpoint. For example, a gap in the forest canopy formed in one decade could be filled by paper birch, merely because paper birch had a good seed year and other species did not. If the paper birch later die of old age during a drought, they may be replaced by a species with drought-tolerant seedlings, such as white cedar, if that species is nearby and has a good seed year.
Factors that may obscure our ability to predict direction of succession in the boreal forest, or even determine which of the five models above are appropriate, are: (1) lack of spatial context, (2) inadequate consideration of spatial scale, and (3) inadequate knowledge of successional mechanisms. Reviews of succession Research on forest succession often concentrates on processes that occur at a single spatial scale. For example, a large number of papers have been published that examine individual tree gaps (e.g., Runkle 1982) or that examine stands (e.g., Grigal and Ohmann 1975) or that analyze landscapes (e.g., Payette et al. 1989, Dansereau and Bergeron 1993 ). An example of the data interpretation difficulties this may create is apparent in the fir-spruce-birch forest report of Buell and Niering (1957) . This forest may be a uniformly mixed forest, with individual trees of different species next to each other (the result of convergent succession), or a series of small mono-dominant stands (the result of divergent succession). However, since no spatial data are presented, this is impossible to ascertain. In addition, a series of small mono-dominant stands at a small spatial scale may appear to be a mixed stand when looked at over a larger area, with a larger minimum mapping unit.
Few studies attempt to link processes occurring at the individual tree scale with stand and larger spatial scales. This paper, while it does not offer comprehensive integration across all spatial scales in the BWCAW, does cover changes at spatial scales across four orders of magnitude from individual tree (0.01 ha) to large stands or groups of stands (16 ha). Spatial patterns at larger orders of magnitude (i.e., hundreds to thousands of hectares) in the BWCAW depend on the interaction between large, intense fires and topographical features such as lakes. These large patches are beyond the scope of this paper, but are covered by Heinselman (1973) , Baker (1989), and Johnson (1992) .
The main objective of this study was to examine the relationships between spatial patchiness, spatial scale, and canopy succession in the southern-boreal forest of the BWCAW, and secondarily to evaluate under what conditions any of the five models of successional direction are valid. We will develop a conceptual model of successional dynamics. Of special interest will be the changes in stand spatial structure and species composition that occur during the demographic transition from even-aged to uneven-aged. Knowledge of the successional direction of forests in the BWCAW after demographic transition is important because the landscape now has many old stands as a result of reduced fire frequency. In this paper, we mainly examine demographic data; future studies will relate succession to physiographic and environmental factors.
STUDY AREA
The study area (~13 X 18 km; Fig. 1 ) is located at 90?50' W longitude and 48?20' N latitude, within the Boundary Waters Canoe Area Wilderness (BWCAW), a 400 000 ha component of the national wilderness preservation system and part of Superior National Forest. The area has low-relief and gently rolling topography with a complicated network of glaciated lakes on granitic Canadian Shield bedrock. The climate is cold-temperate continental, with a mean growing season length of 100 days. Summers are cool and rainy in most years, with 10-20 rain days/mo from June through September, and mean July temperature of 17'C. Winters are long and cold; the ground is snow-covered from early November to late April and the mean January temperature is -17? (Ahlgren 1969) .
The vegetation type is an unlogged mixture of conifers with paper birch and aspen, referred to as "near boreal forest" by Heinselman (1973) . The natural disturbance* regime originally consisted of catastrophic crown or intense ground fires with rotation periods dependent on the dominant species and site: -50 years in jack pine, -100 years in spruce-aspen-birch, and 150-200 years in red and white pine (Heinselman 1973 (Heinselman , 1981a . The red and white pine also had light surface fires every 20-40 years. Within the study area are large (100-1000 ha) patches of forest that originated after major canopy-killing fires in 1801, 1815 , 1854 , 1864 , 1903 , 1910 , 1974 , and 1976 (Heinselman 1973 Table  7 ). Diagonal hatching covers the area burned in 1974. The two arrows in Seagull Lake, labeled TMI 1801 and FH 1864 point to the locations of the Threemile Island and Fishook Island permanent mapped plots/ground study areas, respectively. Dots mark the air photo study sites. (Ohmann and Ream 1971) . Wind in the BWCAW may blow down individual large trees or level whole stands (rotation period >1000 years) during summer thunderstorm downbursts. Widespread tree mortality, especially in black spruce, balsam fir, and paper birch stands with tall spindly trees, occurs during fall and spring storms with heavy wet snow and high winds. Two sites within the study area were selected for detailed analysis. The Threemile Island site in Seagull Lake is covered with forest originating in 1801. The 3-ha study site includes a 0.53 ha permanent stemmapped plot with a mixed forest dominated by red pine, jack pine, black spruce, white cedar, paper birch, and balsam fir. Other minor components include quaking aspen, white pine, white spruce, mountain ash (Sorbus decora), and mountain maple (Acer spicatum). The site has 6 m of relief with small granite knobs, and the north edge is 20 m south of the shore of Seagull Lake. Soils consist of pockets of loamy coarse sand, a few metres in horizontal extent and 10-20 cm thick, and areas of feathermoss (mainly Hypnum crista-castrensis, Hylocomium splendens) 2-20 cm thick on top of bedrock.
The second detailed study site, Fishook Island, includes jack pine, black spruce and paper birch forest originating in 1864. Balsam fir, white cedar, quaking aspen, white pine, and white spruce occur as minor components of this forest. The study site is 1 ha in area, with a 0.56-ha permanent stem-mapped plot. Soil consists of about 10 cm of loam over 10-30 cm of coarse sand with gravel and cobbles. Small areas with no mineral soil also occur, and these are covered with feathermoss '20 cm thick.
MEFHODS

General
Analyses were conducted at spatial scales ranging from the individual tree to the large stand. First, two permanent mapped plots (of area 0.53 and 0.56 ha) were established in stands of different ages to look at fine-scale age structure, transition from understory to canopy and from one species to another, and development of small patches (of area <0.25 ha). Each of the two permanent mapped plots is embedded within a ground study site, which is a 1-3 ha area of contiguous similar forest. The purpose of the ground study sites was to provide additional information on transition probabilities in gaps because there were not enough gaps on a permanent plot for adequate sample size. The dynamics of the entire 13 X 18 km study area were sampled using 15 square 16-ha tracts of upland forest referred to as air photo study sites, which are distributed among forests ranging from 15 to 190 years old. Air photo study sites do not include the permanent mapped plots; however, the air photos of the permanent mapped plots were checked to see that patch development interpreted on photos is consistent with patch development as reconstructed by age structure analysis. Interpretation of air photos from 1934, 1961, and 1991 was used to quantify development of large patches (of area >0.25 ha), as forest on the same air photo study site develops over time. Thus, the study includes a chronosequence approach, with verification of chronosequence validity by checking patch development processes at more than one time point. This checking was done at small spatial scales by reconstruction of stand history on permanent mapped plots, and at larger spatial scales with sequential air photos of the same locations spanning a 57-yr period.
Permanent mapped plots
Mapping.-On the two permanent mapped plots, all woody stems > 1.4 m in height were mapped (n = 2063 at Threemile Island, 1064 at Fishook Island). Most trees >5 cm dbh were mapped with a Topcon surveying station, which yields x and y coordinates and elevation, with an accuracy within 0.1-0.5 m of the true location relative to the base corner of the plot. Smaller trees (as well as a few larger trees that were in locations of poor visibility so that they could not be seen from the surveying station), were mapped by measuring distance and azimuth from the nearest of the trees accurately located with the surveying station. On average, the distances of these smaller trees from one of the trees mapped with the surveying station was <2 m. Diameter at 1.4 m (dbh), species, and crown class were recorded for each tree. Crown classes used were canopy (trees receive direct sunlight on the crown from above), understory (tree does not receive direct sunlight), and dead (standing dead or snagged).
Increment cores.-To assess the spatial extent and pattern of various cohorts, the nearest canopy tree (at Threemile Island) or nearest two canopy trees (at Fishook Island) were cored at regularly spaced grid points. The grid points were 7 m apart at Threemile Island, resulting in 109 increment cores, and 10 m apart at Fishook Island, resulting in 104 increment cores. Because of the high frequency of heart rot at the base of trees, cores were taken at a height of 1.0 m. Cores were considered complete if they terminated within 2 cm of the center of the tree, in which case the total age at 1.0 m was corrected by extrapolating the growth rate from the earliest five years on the core all the way to the center. In general, if a given core was not complete, a second core was attempted from the same tree, and if no complete core could be obtained, the next nearest tree was cored. In several cases, a core was obtained that did not come within 2 cm of the pith, but the core was retained because there was a potentially useful release from suppression recorded on the core. The increment cores were stored in straws, dried, sanded, mounted on wooden holders, and ring widths were read at -10 X magnification.
Decade of canopy accession was estimated for each cored tree based on (1) release from suppression (? 100% increase in radial growth sustained for ?15 years), or (2) rapid growth in the early years or an arched-shaped or continuously declining pattern throughout the life of a tree indicating the tree was in a gap by the time it reached 1.0 m in height. The rules were based on techniques in Lorimer et al. (1988) and Lorimer and Frelich (1989) .
Disturbance chronologies. -The disturbance chronology, comprising the distribution of canopy turnover by decade, was estimated by (xln) (100), where x was the number of trees showing a canopy accession during a given decade and n was the number of trees in the sample. Because the trees chosen for coring were selected at regular grid points, the resulting disturbance chronology represents the proportion of the study area currently occupied by cohorts originating in each decade and not necessarily the proportion of the plot occupied by each cohort at the time of its origin (Frelich and Martin 1988 starts with high correlation at short distances and gradually descends to insignificant levels at some further distance (e.g., trees within a few metres of a given tree are more likely to be similar in age than trees farther away). The distance class at which Moran's I is no longer significantly positive can be considered the average patch diameter (Sokal and Oden 1978) . Correlograms here were prepared for date of canopy accession of trees for 1 0-m distance classes. The assumptions made for statistical application of spatial autocorrelation are that the spatial patterns being analyzed are isotropic (i.e., have no directional component) and homogeneous throughout the area under analysis (e.g., there are not big patches at one end of the plot and small ones at the other end).
Spatial autocorrelation was also used to detect as- Patch pattern analysis.-The stem maps were entered into an ARC-INFO Geographical Information System (GIS). The GIS formed a growing-space or Tiesen polygon around each canopy tree, using the perpendicular bisectors of line segments from the subject tree to each of the nearest neighbors. The resulting polygons were then merged wherever two polygons of the same species shared a side, resulting in a map of patches occupied by canopy trees of each species. In some cases, where a canopy tree of one species was completely surrounded by other species, a "patch" consisted of one tree. Thus, there is no arbitrarily set lower limit to patch size. The patch structure maps were then further analyzed using the GIS. Mean patch size and patch size distribution were calculated for each species. Generally, patch sizes are <0.25 ha, so that this analysis looked at smaller spatial scales than the air photo analysis.
Ground study sites
Tree replacement in "gaps. ''-We tallied canopy trees along transects across the study sites (including the embedded permanent mapped plot) that had died during the last .10 years. No attempt was made to measure gap area (sensu Runkle 1981 Runkle , 1982 ) because there are no gap edges in these forests. The whole forest is laced with a network of interconnected small openings. Instead of measuring regeneration in "gaps," we tallied all live stems within 3 m of each dead canopy tree in the following categories: <50 cm tall, 50-100 cm tall, >100 cm tall but <2.5 cm dbh, and >2.5 cm dbh, in which case the dbh was recorded. If one tree had obviously replaced the dead tree in the canopy (e.g., it was much larger than and overtopping all other stems) then that tree was so noted. Otherwise, the species of the largest tree with measured dbh, or, if there were no trees >2.5 cm dbh, the species of tree with the largest number of stems in the largest size category present within 3 m of the dead canopy tree was considered the replacement species. A transition matrix was constructed from this data separately for each of the two study sites.
Air photo study sites
Air photo interpretation.-Stands that originated during eight different fire years, ranging from 1801 to 1976, are present within a few kilometres of Seagull Lake (Table 1 , based on Heinselman 1973). The stand ages are distributed in such a way as to easily group into four pairs which today correspond to young, mature, old, and very old forests (in this region average tree longevity is about a century). One to three air photo study sites were chosen in contiguous, upland stands of each of the eight stand origin dates (total of 15 air photo study sites 
RESULTS
Permanent mapped plots and ground study sites
Age, size structure, and stand development at Threemile Island. The Threemile Island mapped plot is currently occupied by an old multi-aged stand. There are substantial remnants of a red pine cohort originating from the 1801 fire, which although low in stem number (-20% of trees >10 cm dbh), have nearly half of the plot basal area (Table 2) . White cedar, balsam fir, paper birch, black spruce, and jack pine combined make up 50% of the basal area and 80% of trees > 10 cm dbh. Balsam fir dominates the small tree size class (<10 cm dbh; Table 2 ), making up two-thirds of the population, while paper birch, white cedar, and black spruce each make up Go10% of the population, and red/jack pine are virtually nonexistent (Fig. 3) .
The red pine cohort of post-1801 origin exhibits a unimodal age distribution between 1805 and 1830, centered -1815. There was also a substantial amount of jack pine in the original stand, as evidenced by the presence of both standing dead and downed jack pine. Although the current ratio of living red: jack pine -10 cm dbh is 9:1, the ratio of living plus dead trees and logs -10 cm dbh is only 3:1. Jack pine is known to be shorter lived than red pine, so it makes sense that only a few live jack pine remain. One complete core was obtained from a jack pine (the majority of which are hollow) and it dates from the same time as the original red pine cohort. None of the trees in the 1 805-1830 pine cohort showed evidence of release at that time; at 1.0 m height, all showed rapid early growth or a declining pattern typical of trees in an even-aged stand. The stand then entered a relatively stable period from 1830 to 1890, during which new canopy recruitment was minimal (Fig. 4) . Ring widths of the red pines during this period were generally narrow (Fig. 5) , with periods of -20 years with ring widths < 1.0 mm on 26 of 28 trees and <0.5 mm on 17 of 28 trees. These narrow ring widths indicate intense competition and self-thinning until canopy-opening disturbance(s) during the 1890 decade. At that point, the stand was old enough that some trees would have been large enough to be vulnerable to windthrow. The disturbance was likely wind because most of the surviving trees that were released were only 4-12 cm dbh at the time of release. Fire would have killed trees that small, while only scarring the larger trees. It is difficult to imagine a fire that would kill the large trees but not the small ones only wind does that. In addition, there are no fire scars on the surviving red pine. Red pine is known to retain visible and datable fire scars for at least a century (Frissell 1973 , Heinselman 1973 ). Red pine canopy recruitment after 1830 was generally by release from suppression when other trees in the neighborhood died. Only 2 of 30 red pines cored were distinctly younger than the post-1 801 fire cohort. These two trees were recruited into the canopy during the 1850 and 1870 decades.
After 1890, episodic canopy disturbance became quite common in the Threemile Island mapped plot, and species other than red pine began to fill the canopy. Currently, 46% of the basal area among canopy trees is in red pine (Table 2) , and the original red pine cohort only occupies :22% of the canopy area (Fig. 4) . Because 1890 was the last decade with substantial red pine canopy recruitment, the period starting after that (1900-1990) was used to examine recruitment of the four replacement species. The y-axis in Fig. 4 represents percentage of current canopy area recruited during a given decade; summing these percentages for all decades from 1900-1990 shows that during this period, three of the species (balsam fir, white cedar, and paper birch) had similar areas of canopy recruitment, and black spruce had about one-half the area of the other three. Rapid early growth is exhibited by a large majority of individual canopy recruits of shade-tolerant species like black spruce (92%), balsam fir (95%), and white cedar (61 %), and also the shade-intolerant spe- Age, size structure, and stand development at Fishook Island. The same fire of 1801 that burned the Threemile Island mapped plot and much of the surrounding area also apparently burned much of Fishook Island. Evidence for this is a few very old remnant jack pine trees on the mapped plot (Fig. 4) , and that the north half of the island is all forest of 1801 origin (M. L. Heinselman, unpublished data). Thus, the 1864 fire that originated the current Fishook stand probably burned in a stand that was only 64 yr old. Today, the forest on the Fishook plot is in early stages of demographic transition from even-aged to old multi-aged. There is still one very dominant cohort that originated after the 1864 fire, with peak recruitment of the three major species jack pine, black spruce and paper birch during the 1885 decade (Fig. 4) . As with the Threemile Island stand, it apparently took three decades for trees to fully stock the stand. This length of time is common on rocky areas, where soils are shallow, mainly organic, and are often burned off during fires. At present, young cohorts occupy a relatively small area, which is nearly all dominated by black spruce and paper birch. There has been no new jack pine canopy recruitment since 1900. During the last 5-10 yr much of the canopy has broken up, so that there are many logs on the forest floor ( Table 2) . Much of the canopy breakup occurred during a heavy snowstorm in October 1990 (L. E. Frelich, personal observation). Prior to canopy breakup, there were at least twice the number of live trees >10 cm dbh as there are at this time (Table 2) . When all of the downed logs and dead trees were alive, the tree count on the plot was 617 trees and density was 1046 trees/ha, within the range of 800-1600 trees/ha reported by Heinselman ( ook Island to 25 m for paper birch on Threemile Island (Table 3 ). The significant autocorrelation is reinforced by visual inspection of the patch maps (Fig. 6 ) and associated statistics (Table 4 ). The mean mono-specific patch sizes of 35 and 82 in2, for the Threemile Island and Fishook mapped plots, respectively, are several times mean tree crown size of 5-10 in2, indicating that a patch of average area comprises several to many adjacent trees of the same species. Except for balsam fir and white cedar on Fishook Island, which are just be- (Table 4) . It should be noted that in this analysis, patches must be contiguous but not necessarily homogeneous (i.e., they may contain smaller patches within) and may have complex shapes rather than circular or blocky shapes. At the same time, the median patch size is quite small. Thus, the overall spatial pattern is one of a few large patches that occupy most of the area, with many small scattered patches composed of one to several trees (Fig. 6 ). The major difference between the Threemile Island and Fishook plots is in the number, size, and composition of patches. The mean and median mono-specific patch sizes, and the size of the largest mono-specific patch are (with the white cedar and balsam fir exception noted above) larger at the younger Fishook Island plot. (Table 5 ). The spatial associations are mostly neutral, indicating that species-by-species replacement is random, although this randomness does not imply that the area or proportion of gaps invaded should be equal among species. A few associations are negative, and these mostly occur under conifers casting dense shade where the overall abundance of small live trees would not be great before a given large tree died. If some of the large trees died recently, there may not have been time for many new seedlings to invade the location.
Once trees are released into or invade gaps, they do so in small mono-dominant patches. Small live gap trees ('5 cm dbh), with the exception of black spruce on Fishook Island, are in tight clusters 5-10 m in diameter (Table 3) . Different species can fill adjacent canopy openings, or two species may each fill part of one larger opening. In any case, there is separation of gap-invading species into patches.
Understory trees are also clustered in 5-15 m diameter patches (Table 3 ). The dominance (as measured by basal area) of a given species in the understory is not quantitatively related to the species composition of the overstory on 15 X 15 m subplots within the two mapped plots (Fig. 7) . For every pair of species (with one exception), the overstory-understory relationship had no significant slope, the data were all clustered along zero on the y-axis, or no model could be found that fit the data. The exception was balsam fir understory versus paper birch overstory on Threemile Island, where there was a significant (P = 0.024) positive slope for a simple linear regression with an appropriate residual pattern. Because the Threemile Island plot has a generally dense coniferous canopy, it is not surprising that balsam fir abundance in the understory would be higher in neighborhoods with more paper birch in the canopy, since light levels would be higher there, and the chance would be greater that a balsam fir sapling would survive to 1.4 m in height (the minimum for mapping in this study).
Moran's I for tree age (continuous variable) (Table 6) . On Fishook Island, dying pines have an -60% and :30% chance of being replaced by black spruce or paper birch, respectively. Transition probabilities from black spruce to the other species are not markedly different from those just cited for pine on either ground study site. The strongest tendency for self replacement is for white cedar on Threemile Island, although the sample size is quite small. Of the other species at Threemile Island, balsam fir, black spruce, and paper birch are about equally likely to replace themselves. Balsam fir is more likely to replace paper birch than any other species, which is consistent with our finding that balsam fir understory trees have a significant quantitative relationship to overstory paper birch.
Transition probabilities for all species at Threemile Island range only from 24 to 29% among black spruce, balsam fir, and paper birch, while white cedar is lower than the others at 19% (Table 6) all three spatial scales and all three timepoints (although there were no very old stands present in 1934). This change in species composition parallels that indicated by the diameter distributions (Fig. 3) and stand history reconstructed from tree ring analysis (Fig. 4) in the old-growth forest on Threemile Island, both of which show invasion of the pine stand canopy by the same four species seen on the air photos.
The loss of jack pine over time can be quantified by examining the percentage of 1-ha blocks with visible jack pine present in 1934 that still have jack pine in 1961 and 1991. For 1-ha blocks that were young in 1934 (n = 28), there is no depletion over time, whereas there is some depletion for stands that were mature in 1934 (n = 48), and a total loss of jack pine by 1991 for stands that were old (100-150 yr old, n = 63) in 1934 (Fig. 10) . Thus, once stands reach old age, jack pine is likely to disappear as an important component of a stand within 60 yr.
One-hundred percent of 1-ha blocks examined on the 1934 air photos were dominated by jack pine (Fig. 10) , (Table 7) . The percentage occupied varies slightly within the burn depending on the age of the forest at the time of burn in 1976, with 73-yr-old forests returning to a higher percentage jack pine after the burn than 161-or 175-yrold forests (Table 7) .
The loss of pine would be stretched out over a longer time for those few stands that start out after a fire with red pine. There are not enough such stands on the air photos for an adequate sample. However, analysis of the Threemile Island mapped plot indicates a significant component of red pine present at age 192 yr, and other BWCAW stands 300 yr old still have more than a few scattered red pine (Heinselman 1973 ).
Succession and spatial structure.-Young stands are predominantly matrices with inclusions (of jack pine with aspen inclusions or vice versa), at 1-, 4-, and 16-ha spatial scales (Fig. 11) . At the 1-and 4-ha spatial scales, some blocks of forest are solid matrices of jack 1934, 1961, or 1991) . Mosaics of jack pine and aspen also occur among young stands, especially at the 16-ha scale. Mixtures are rare among young stands. In contrast, in the mature age class, black spruce that were initially present in the understory make their way into the canopy, and some forest blocks at all three spatial scales move from the matrix with inclusion to the mosaic or mixture spatial structure. During the old and very old phases, black spruce, balsam fir, paper birch, and white cedar complete their expansion and invasion within the forest, and most blocks of all three sizes become mixtures (Fig. 11) . Observed transitions among the four spatial structure categories (Table 8) Table 8 ). These varying pathways depend on the erratic distribution of canopy gap formation, which may miss some 1-ha blocks for decades, others lightly creating a few small openings that become inclusions, or create many openings resulting in a mixture. Thus, all blocks that are solid matrices will eventually make their way to the mixture category, but the timing will vary depending on the fine-scale spatial and temporal distribution of canopy mortality.
Proportions of blocks in each spatial structure type by age class (shown in Fig. 11 for 1991 only) are similar among the three dates (1934, 1961, and 1991) . Chisquare tests for each age class fail to reject the hypothesis that date of air photo and spatial structure category are independent for the 1-ha block size, (P = 0.1-0.5, except for the mature size class, where P = 0.05-0. 1). Sample sizes are too small to do the same analysis for 4-ha and 16-ha blocks.
There are some differences in distributions among the structural types for the three spatial scales. At the 1-ha scale, solid matrices occur -30% and -10% of the time in young and mature forests, respectively (Fig.  1 1) . In our sample, solid matrices never occur at the 16-ha spatial scale. Mosaics are more likely to occur in young forests at the 16-ha spatial scale than at 1-or 4-ha spatial scale. Mixtures in old stands are more likely to occur at the 4-and 16-ha scales than at the 1-ha scale, whereas the proportion of 1-ha blocks that are mixtures almost catches up to that of 4-and 16-ha scales in very old stands. The foregoing points all illustrate that bigger blocks of forest undergo transition from matrix to mosaic to mixture slightly faster than smaller blocks. This result is expected because as canopy openings cause transition of bigger blocks to mosaics and mixtures, there could be 1-ha blocks embedded within a large block that by chance escape canopy disturbance and temporarily remain a solid matrix. The discussion so far has concentrated on species composition and appearance in the canopy. However, there is evidence that fire may eliminate some species, such as balsam fir and white cedar, and that a genuine invasion by seed occurs in many stands after the original cohort is established. For example, there were no balsam fir seedlings or trees in several stands 3 yr after the 1976 fire shown in Fig. 1 (Heinselman 1981b) , nor any on two plots 1 yr after the 1974 burn (Ohmann and Grigal 1981) . On the 1971 Little Sioux Burn, which occurred on a site physiographically similar to our study area, there is still no balsam fir (understory or overstory) 22 yr after fire (Slaughter 1994) . Forests in all three burns just discussed had significant balsam fir components before the fires.
When balsam fir and white cedar invade and/or make their way into the canopy, the available canopy space is shared among species. Area occupied by black spruce and paper birch, which often are present first, contract to make way for invading balsam fir and white cedar. Transition probabilities for the two mapped plots (Table  6) Threemile Island) where invasion by balsam fir and white cedar has progressed substantially, with probabilities of replacing dying pines at 20% for both species. Currently, it is not known whether the likelihood that balsam fir and white cedar will replace other species will continue to increase with stand age. Spruce budworm infestations may limit the ability of balsam fir to continually increase in dominance. A Markov analysis of successional stability based on the transition probabilities in Table 6 was not attempted because clearly, transition probabilities change with stand age, and not enough data have accumulated for transitions from paper birch and white cedar on both ground study sites, or for balsam fir at Fishook Island.
Foster and King (1986) found in Labrador boreal forests that paper birch invades after stand-killing fire. These birch stands are later invaded by conifers. Unlike the findings of Foster and King, paper birch in our study area is not the major hardwood species after fire. All of the young hardwood stands in the Seagull Lake area are heavily dominated by quaking aspen, with minor components of bigtooth aspen, balsam poplar, and paper birch. The vast majority of hardwood stocking in older stands is paper birch. In addition, the transition probabilities in Table 6 show that relatively shade-tolerant species such as black spruce and balsam fir are often succeeded by shade-intolerant paper birch (see Discussion: Mechanisms of succession for potential explanations of this phenomenon).
The literature has been ambiguous about the role of black spruce in the boreal forests, with some studies finding it is capable of continuous self replacement on upland sites both moist (Foster 1983 ) and xeric (Bergeron and Dubuc 1989), while others (Dix and Swan 1971) report that it is present in early successional stands and then declines. We find that black spruce can be both a pioneer after stand-killing fire (e.g., Fishook Island plot; Fig. 4) , and replace itself or increase in abundance in old stands (e.g., both mapped plots in Fig. 4; Fishook Island plot, Fig. 9 ). The life history characteristics of black spruce are suited to a dual strategy. The species has semi-serotinous seeds, so that massive recruitment is possible after fire, and continual seed dispersal is possible in the absence of fire (Heinselman 1973). Black spruce is also shade tolerant, and capable of producing new seedlings by layering of branches that touch the forest floor moss layer, and new seedlings are capable of successful establishment on moss, so that a postfire mineral soil exposure is not necessary for new seedlings (L. E. Frelich, personal observation).
The red pine stand mapped on Threemile Island is even-aged in the sense that all individuals are part of one postfire cohort. No evidence was found here of multi-cohort red pine resulting from repeated light-intensity fire, as was reported for red pine stands by Frissell (1973), Heinselman (1973) , and Bergeron and Brisson (1990). Our red pine stand is like a variant of jack pine forest, only with longer-lived trees. Succession to the same mixture of black spruce, balsam fir, paper birch, and white cedar mixture that succeeds jack pine is occurring in the red pine stand (Figs. 3 and 4) , but because the red pine live longer, the rate of change is slower. The Threemile Island stand is near the lake, so that surviving individuals along the shore could have reseeded the area with red pine after the 1801 fire. This process apparently took 30 years, since the pines range in age (at height of 1.0 m) from 160-190 yr. This is the same strategy that allows white pine to establish lake shore groves (Heinselman 1973, Frelich 1992) . Thus, red pine is capable of both massive although slow recruitment after catastrophic fire documented here, and intermittent recruitment in multi-aged stands documented by other studies. This dual strategy allows it to coexist with both jack pine and white pine.
Direction of succession and spatial scale
Under the natural disturbance regime of intense fire, jack pine or aspen stands burned and were replaced by the same species (Heinselman 1973 (Heinselman , 1981a . This fits the parallel succession model with little change in species composition of the trees, although both the structure of the forest and the species of herbaceous plants undergo cyclic change (Heinselman 1981a Besides being divergent or convergent, succession at the current time is also individualistic in two senses. First, with respect to spatial scale, one patch of 0.1 ha size may periodically switch from one of the four oldgrowth species to any of the others, leading to continuous unpredictable change over time. At spatial scales of 1-16 ha, successional direction is somewhat predictable-a mixture of four species results, although the proportions of the four may vary individualistically over time. Second, succession on the study area is individualistic with respect to timing and rate of succession in each stand. This depends on erratic timing of small canopy-killing disturbance. One can be sure that over 200 years, succession from jack pine to other species will occur, but not at which point(s) it will occur during that 200-year period.
A final point to consider is the scale-dependent difference between a mosaic and a mixture. What appears as a mixture on air photos, where the minimum resolution is -0.1 ha, can be a mosaic on the mapped plots (Fig. 6) . Air photos have a resolution problem; if the resolution could be increased, then a finer mosaic could be revealed. Thus, one could refer to the mosaics and mixtures in Figs. 2 and 11 as mosaics and fine mosaics. The ultimate "mixture" would occur when individual trees of different species were randomly mixed, so that there is no dependence of species of a given tree on its neighboring trees. This is not the case here, since the stem maps (Fig. 6 ) reveal multi-tree clumps that occupy most of the plot area.
Mechanisms of succession
Succession is mediated by two main factors on the Seagull Lake study area: (1) disturbance and (2) understory tolerance. Under a natural disturbance regime of catastrophic fire, little change occurs in canopy tree species composition, so that true canopy succession is held in check by disturbance. In the absence of fire, a different kind of disturbance-small canopy openings-becomes important. These openings set up a finescale mosaic (Figs. 6, 8, and 9 ) that simultaneously eliminates the pioneer pines (Fig. 10) , converts evenaged stands to multi-aged stands (Fig. 4) , and gives the old forests their characteristic spatial pattern and their texture on air photos (Fig. 11) . Biotic interactions among tree species probably do not cause patch formation (sensu Frelich et al. 1993 ), because the relationship between overstory and understory abundance of a given species is weak (Fig. 7) , and self replacement is weak in most cases (Tables 5 and 6 The explanation for continued presence and/or increase in abundance in older stands of a species like paper birch-which is usually thought of as a pioneeris the subject of ongoing research. However, at this time it is reasonable to speculate that understory tolerance, rather than shade tolerance alone, is a major factor that drives succession in these forests. Canopy openings are quite large on our mapped plot (up to 30 m across) so that light is not limiting throughout an entire stand. For instance, on the Fishook Island mapped plot, paper birch seedlings (one to several years old) are found almost exclusively in areas where integrated light levels on average are between 25 and 50% of full sunlight, and black spruce seedlings, while common where light levels are 25-50%, are also abundant in areas with light levels <25% (M. B. Walters and P. B. Reich, unpublished data). Under controlled conditions of 25% full sunlight, paper birch seedlings rapidly outgrow black spruce, white cedar, and jack pine (P. B. Reich, M. G. Tjoelker, M. B. Walters, D. Vanderklein, and C. Buschena, unpublished data). In addition to light, other factors that relate to understory tolerance that will be the subject of future studies include ability to compete for rooting space, which could be very important on sites with extremely thin nutrient poor soils, and ability of a given species' seeds to germinate and become established on forest floor duff and moss cover.
The process of succession and conclusions
The demographic transition from even-aged stands of catastrophic fire origin to uneven-aged stands parallels a change from jack (occasionally red) pine and/ or aspen to the old-growth mixture of black spruce, balsam fir, paper birch, and white cedar (Fig. 12) . Sometimes, as was the case on the Fishook Island mapped plot, black spruce enters the stand immediately after the fire along with jack pine, but is overtopped by the faster growing pine, so that black spruce makes its way into the canopy several decades later. The mechanism that moves this successional path forward is canopy openings caused by wind, insect, and disease, 10-30 m across on average, that gradually "chip away" at the relatively uniform canopy of pines and aspen. The main variable in succession is not whether each of these four species will invade, but when. Time of invasion depends on the timing of heavy windstorms that create canopy openings and the rate at which the original pines approach senescence. Canopy openings may be filled with one species or by more than one species; in the latter case the species form mono-dominant patches within the canopy opening. The dominant species within each patch is apparently independent of the overstory species that died when the opening was created or the species dominating surrounding patches. During succession, the spatial structure of the stands (Fig. 12) is: (1) all blocks of 1, 4, and 16 ha sizes that were followed over 56 years on air photos progress from jack pine/ aspen to the mixture of balsam fir, black spruce, white cedar, and paper birch; (2) disturbance chronologies for the two mapped plots show that pines are gradually replaced after stands attain an age of 90-100 years; (3) transition probabilities show that pines have substantial probabilities of being replaced by each of the oldgrowth species; (4) spatial autocorrelation analyses indicate patch sizes of 10-30 m for conspecific overstory trees, and for tree age; (5) there is no systematic association between overstory species and conspecific understory trees; (6) there is no positive spatial autocorrelation of species of large dead trees and species of nearby (0-5 m) small live trees; (7) small live trees of balsam fir, black spruce, white cedar, and paper birch are generally clustered. At this time, there is little evidence as to why a given canopy opening is filled by a given species. This is the subject of ongoing research by Reich and colleagues, in which factors affecting seed rain and environmental factors such as nutrients, light, water, and soil physical structure that influence germination and establishment of seedlings of all of the major boreal tree species are examined.
We conclude that most upland forest stands in the Seagull Lake area on similar soils follow the same successional path, although at different rates. Exceptions to this statement include white pine forests, which cover a small portion of the study area landscape (<5%), mostly on small islands (<20 ha) and tips of peninsulas. These white pine stands have a different soil type, physiographic setting, and disturbance regime than the jack pine/aspen forests Ream 1971, Heinselman 1973) .
Apparently, postfire chronosequences in the Seagull Lake area over the last several decades have been relatively stable-the same successional sequence is reconstructed from a series of stands of different ages as from historical analysis of individual stands. All jack pine stands on sequential air photos over a 57-year period proceed along a pathway to a mixture of black spruce, balsam fir, paper birch, and white cedar. We cannot predict whether the chronosequence of stand development after fire will remain stable in the future. With continued low fire frequency, the jack pine stage may be reduced or eliminated, and aspen may fill the role formerly occupied by jack pine. There are two types of preliminary evidence for this. First, looking at a chronosequence of stands burned at the same date, older stands burned in 1976 were somewhat more likely to be replaced by aspen after burning than were younger stands (Table 7) . Second, looking at young postfire stands at two different dates, 100% of 1-ha blocks examined on the 1934 air photos were dominated by jack pine (Fig. 10) , whereas only 81% of 1-ha blocks (n 48) of young forest were dominated by jack pine while the remaining 19% were dominated by aspen as of 1991. It remains to be seen whether this conversion to aspen after fire is a long-term trend or a fluctuation. However, if it is a long-term trend and lack of fire leads to continuing loss of jack pine, then future options for vegetation management in this forest type within the BWCAW may be increasingly limited. Once jack pine seed source is lost in a given locality, reinstatement of burning may lead to aspen forests, and continued lack of fire will lead to the old growth mixture of balsam fir, black spruce, white cedar, and paper birch. Both of these options lead to vegetation types that were of minor importance in the presettlement BWCAW, and exclude the previously dominant mosaic of even-aged jack pine forests.
